The birefringence of LiInS 2 (LIS) crystals in the THz frequency region is investigated by THz time-domain spectroscopy (THz-TDS). The experimental results indicate that LIS has large birefringence and low absorption in the THz frequency region. The optical properties of LIS are quantitatively determined. A sharp absorption caused by a TO-phonon resonance is observed at around 1.70 THz when the Z-axis is parallel to the polarization of the incident THz wave. A temporal separation of the transmitted THz pulses with different polarization components is realized by changing the orientation of the LIS crystal with respect to the polarization of the incident THz pulses. By controlling the relative phase and amplitude of the temporally separated THz pulses, THz polarization pulse shaping caused by birefringence in LIS crystal is demonstrated.
Introduction
Terahertz (THz) radiation covers the frequency range from approximately 100 GHz to 10 THz [1] . It has attracted a considerable amount of interest over the recent decades due to its promising applications, such as medical imaging, security scanning, communication, industrial applications, and so on [2] [3] [4] [5] . The key components for those applications are efficient THz sources and sensitive detection schemes. THz sources can be realized by optical rectification in nonlinear crystals [5, 6] , photoconductive antennas (PCA) [7] , magnetic field enhancement devices [8] , and terahertz photomixing [9] , etc. Electro-optic (EO) and photoconductive detection schemes are widely used for the detection of THz waves. THz time-domain spectroscopy (THz-TDS) [10] is one of the pivotal techniques to elucidate dynamic processes in the materials occurring on time scales of femtoseconds to picoseconds. It can be used in material science to study the complex dielectric response, birefringence and magneto/electro-optical effect in THz range. In THz-TDS systems, a broadband THz pulse is generated with a femtosecond laser pulse of typically 100 fs pulse duration in a photoconductive device [11] . This broadband THz pulse is detected with a delayed probe pulse in amplitude and phase after being transmitted through the sample. Besides THz emitters and detectors other THz functional devices such as polarizing beam splitters, switchers, and filters are very important for THz technology. THz polarization-shaped waveforms are vital for THz spectroscopy and coherent control [12, 13] . THz wave shaping can be realized by using nonlinear optical crystals [14] , and synthesizing THz waves with different polarizations [15] . LiInS 2 is one of lithium containing chalcogenide crystals and a lot of research has been done on its growth and physical properties [16] [17] [18] . It has large nonlinear optical (NLO) coefficients, a high laser damage threshold and a wide transparent wavelength range, which makes it an excellent mid-infrared NLO crystal. However, until now there is little research reported on its properties and applications in the THz frequency range.
In this paper, the birefringence properties of LIS crystals in the THz frequency region are investigated by THz-TDS. The basic optical constants in the frequency range of 0.4 -2.2 THz, such as refractive indices and absorption coefficients are investigated. The experimental results reveal that LIS has a high transparency and a large birefringence over a large THz range, so they can be used as THz pulse splitters and pulse shapers. The phase difference and relative amplitude of the polarized waves can be controlled by changing the polarization of the incident THz wave with respect to the optical axis of LIS crystal. Furthermore, owing to its high transmission over the THz range, the waveforms of THz radiation can also be controlled by changing the crystal thickness.
LIS Crystal growth, experiment setup and theoretical model
The raw materials for the crystal growth of LIS were obtained from elementary Li (3N), In (5N) and S (5N) by a high temperature autoclave method [19] . Due to the high reactivity of lithium and the volatilization of sulfur, the stoichiometric ratio Li: In: Se of 1:1:2 was corrected, based on our experimental experience, to be 1.02:1:2.05. LIS crystals were grown using the synthesized materials in a pyrolytic boron nitride crucible by a modified Bridgman method [17, 18, 20, 21] . The axial temperature gradient is controlled to be 15 -20 °C/cm at the growth interface in the furnace. The translation speed of the growth ampoule is 0.5 -1 mm/h. After the charged crucible translated through the gradient zone completely, the furnace was cooled to room temperature at a speed of 30 °C/h. The LIS samples were cut from an integrated bulk LIS crystal along a-, b-, and c-axes, and were two-side polished for THz measurements.
The high-speed THz-TDS provides an excellent approach for the characterization of materials by measuring the absorption, transmission and reflection. In our THz-TDS experiments, a high-speed asynchronous optical sampling (ASOPS) system operates with mode-locked Ti:sapphire 1 GHz femtosecond oscillators as pump and probe lasers. One laser with repetition rate f + Δf serves as the pump laser, the other with repetition rate f serves as the probe laser. In our experiments, the two pulsed lasers are stabilized to operate with a small repetition rate offset Δf of 2kHz using high-bandwidth feedback electronics [22] . ASOPS is a technique for ultrafast time-domain spectroscopy (TDS) without a mechanical delay stage [23] , which provides excellent stability and sensitivity close to the shot noise limit. And the ASOPS system enables high scanning rates and a high time-resolution. The THz-TDS setup is schematically illustrated in Fig. 1 . The pump pulse with an average power of 500 mW excites a large-area photoconductive THz emitter under normal incidence. The emitter is composed of an interdigitated finger structure with electrode width and spacing of approximately 5 μm on a GaAs substrate [11, 24] . The emitted THz pulse has linear polarization and is collected with a 90° off-axis parabolic mirror with 50.8 mm focal length. It is focused onto the sample with a spot of approximately 1 mm diameter by another parabolic mirror. The transmitted THz pulse is collimated and focused to a (110) ZnTe crystal of 500 μm thickness. The optical probe beam passing through a λ/2 wave plate with an average power of 350 mW overlaps with the THz spot on the ZnTe crystal through a hole in another off-axis parabolic mirror and detects the THz field induced transmission changes based on the electro-optic (EO) effect in the ZnTe crystal [25] . The central wavelength and pulse duration of the pump and probe pulses are approximately 800 nm and 50 fs, respectively. The enclosure containing the THz beam path is purged with dry nitrogen gas to reduce the water absorption in ambient air. The transmitted probe pulse is focused onto the detector after propagating through a λ/4 wave plate and polarizing beam splitter cube (PBSC). The transmitted THz waveforms with and without LIS crystal are schematically shown in Fig. 2 . The E in (t), E R (t), and E S (t) refer to the electric field of the incident THz pulse, reference, and THz pulse passing through the LIS, respectively. The transmitted time-domain electric field of the THz pulses through the air and LIS crystal are recorded with a 100-MS/s 14-Bit A/D converter (Gage CS8327: OCT-832-007), which is triggered by a crosscorrelation signal between pump and probe laser generated by two-photon absorption in a GaP diode [22] . The phase-locked loop (PLL) feedback bandwidth is about 12 kHz. In addition, the scan time for a single measurement is 500 µs, which corresponds to the repetition rate offset ∆f = 2 kHz between the pump and probe lasers. The corresponding frequency-domain spectra are obtained using numerical Fourier-transform (FT).
Considering a THz pulse propagating through a sample with complex refractive index ñ S (ω) = n S (ω) + i κ S (ω) and thickness d, the complex transmission spectra of the reference and the sample can be expressed as [24]:
where R as , R sa and T as , T sa are the Fresnel reflection and transmission coefficients of the THz pulse propagating normally through air-sample and sample-air interfaces, respectively. E in (ω) is the input frequency spectrum. k R (ω) = ωn air (ω)/c and k S (ω) = ωñ S (ω)/c are the THz wave vectors through air and sample, respectively. Here we assume that n air (ω) ≡ 1, which indicates that the air has no dispersion in the studied frequency region. There are subsequent "echoes" owing to the multiple reflections from the back and front sides of the sample and emitter. The main pulse and the echoes can be easily separated in the time domain. Therefore, the initial data analysis can be performed only on the main pulses [26] . For this simple case Eq. (1)b) can be simplified as: [
where A is the amplitude and Φ the phase shift extracted from the Fourier transform. α S denotes the power absorption coefficient of the sample. Comparing the amplitude ratio and phase shift between the sample and reference, the real part n S (ω) of the refractive indices and the absorption α S (ω) of the sample can be obtained as follows:
Birefringence property of LIS
LIS is a negative biaxial crystal in the optical wavelength range. The samples for measurements are a-, b-and c-cut LIS single crystals with different thickness. They were polished on the two opposite surfaces. In accordance with tradition, we use the capital letters XYZ for designation of the principal dielectric axes such that n X < n Y < n Z [28] . Since for LIS one has n b < n a < n c in optical wavelength range, the principal frame assignment will be X ≡ b, Y ≡ a, and Z ≡ c. The refractive index ellipsoid of LIS is expressed as: where n X ≠ n Y ≠ n Z . We firstly consider the sections of the normal surface by the three coordinate planes x = 0, y = 0 and z = 0 (xyz is the space coordinates system, as shown in Fig.  3 ). Fig. 3 . Schematic of the polarizations of the THz pulses before and after propagating through the biaxial LIS crystal with the thickness of d along the x-axis. f, s and f´, s´ denote the polarizations of fast and slow THz pulses before and after crystal rotation, respectively. θ is the angle of crystal rotation. xyz is the space coordinates system.
The polarizations of incident and output THz pulses are shown in Fig. 3 . The incident THz pulse is normal to the principal section of LIS crystal. The polarization of the incident pulse is along the z-axis. When neither of the two dielectric axes is parallel to the polarization of the incident THz pulse during the crystal rotation, the output pulse will be split into two sub-pulses in the time domain. The phase delay between fast and slow components is given by:
where Δn = n s -n f is the birefringence of the LIS crystal. And n f and n s are the fast and slow components of refractive indices, respectively. The phase retardation is proportional to frequency. When Г is chosen properly, the crystal can be employed as a wave plate.
Results and discussion

LIS characterization using THz-TDS
In our experiments, we investigated LIS crystals which were cut along three crystallographic a-, b-and c-axes with different thickness. The corresponding transmitted time-domain THz waveforms and their spectra based on Fourier transform are shown in Fig. 4 , Fig. 5 and Fig. 6 , respectively. According to Eq. (6), the relative phases can be modulated by changing the thickness of samples. From the time-domain spectra of the transmitted THz waves, we can see that the waveforms can be modulated by changing the thickness of the crystal and the orientation of the crystal with respect to the polarization of the THz pulse. As mentioned above, we define θ = 0° when the THz pulse is polarized along the f-axis and θ = 90° when it is polarized along the s-axis. From the frequency-domain spectra of the transmitted THz waves, we can see a strong spectral modulation when θ is between 0° and 90°, which disappears when the polarization of the incident THz pulse is parallel to the f-or the s-axis. This strong modulation stems from the birefringence of the sample. Figure 4(a) , Fig. 4(c), Fig. 5(a), Fig. 5(c) and Fig. 6(a), Fig. 6(c) demonstrate amplitude modulation by  changing the orientations (θ) of a-, b- , and c-cut LIS with respect to the polarization of the THz pulse. For example in Fig. 4(a) , we can continuously modulate the amplitudes of THz pulses by continuous changing the orientations (θ). However, we only choose three orientations (θ) to demonstrate the amplitude modulation. When θ = 0° or θ = 90°, there is no pulse separation and amplitude modulation. When θ = 37°, the strongest separation and modulation of the two THz pulse were demonstrated. For other orientations (θ), there are also modulations, but they are not the strongest ones. In a word, by controlling the relative phase and amplitude of the temporally separated THz pulses, THz polarization pulse shaping caused by birefringence in LIS crystal is demonstrated.
The pulse components polarized along the f-and s-axis travel at different velocities, which gives rise to a break-up of the single pulse into two separated pulses. The spectral modulation of the THz spectrum reflects the temporal separation of the two pulses. As is indicated in Fig.  6 (a) and (b), the frequency spacing ∆ν between two minima of 341.48 GHz corresponds to a time delay ∆τ between the sub-pulses of 2.76 ps.
By calculating the complex amplitude ratio between the sample and reference spectra and using Eq. (4)a) and (4b), the refractive indices of the three dielectric axes can be obtained. Figure 7 illustrates the real part of refractive indices n X , n Y , and n Z . In Fig. 7 , n X shows weaker frequency dependence than n Y in the investigated THz frequency region. n Z shows dispersive-like feature corresponding to a sharp absorption at a frequency around 1.70 THz, which will be discussed later. At the visible wavelength of 532 nm, the refractive indices of the three dielectric axes have been previously determined to be n X = 2.241, n Y = 2.282, n Z = 2.299, respectively [15] . However, in the THz frequency region (1.5 THz, i.e. 200 µm), we determine the corresponding refractive indices to be 2.482, 2.539 and 2.564, respectively. With the knowledge of the refractive indices in the THz frequency range, the phase-matching conditions of LIS can be calculated, which is essential to realize the THz emission using LIS crystal.
The birefringence of LIS along X-, Y-, and Z-axes can be easily calculated from refractive indices n X , n Y , and n Z of the three dielectric axes. The birefringence ∆n along X-, Y-, and Zaxes are n Z -n Y , n Z -n X , and n Y -n X , respectively. The birefringence of LIS along X-, Y-, and Z-axes at the wavelength of 532 nm and 200 µm are shown in Table 1 . As illustrated in Table 1 , the birefringence in the THz region is larger than those in the visible region along the three orthogonal dielectric axes of LIS.
The E-O crystals such as GaAs, GaP, CdSe, LiNbO 3 and so on [29, 30] are widely used in THz technology due to their low absorption in the THz range. Their absorption coefficients are also no more than 10 cm −1 over the range of 0.4 -2.2 THz. However, the absorption coefficient of LiTaO 3 is more than 100 cm −1 , which is two orders of magnitude larger than that of GaAs, GaP, CdSe, and LiNbO 3 . The absorption coefficients α X , α Y , and α Z are shown in Fig. 8 . The absorption coefficients of LIS are mostly smaller than 10 cm −1 in 0.4 -2.2 THz frequency range, which demonstrates relatively smaller THz absorption for LIS crystal. As mentioned above, a pronounced sharp absorption along the Z-axis can be observed at the frequency of 1.7 THz, which is the main origin of the dispersive feature of n Z in Fig. 7 . This absorption peak is attributed to a TO-phonon resonance along the Z-axis, which is also identified by Raman spectra in [15] . It is worth mentioning that there is no absorption feature in [31] , which may be owing to the different LIS crystal samples. Additionally, the weak broad band absorption centered at 2.0 THz in α Z and the second centered at 1.8 THz in α X are observed. These broad band absorptions are probably caused by second-order phonon processes [32] . In Fig. 8 , a slow absorption increase is observed over the frequency range of 0.4 -2.2 THz. This increase is attributed to the low-frequency wing of TO phonons at higher frequencies [28] . From Raman spectroscopy a number of TO phonons are located in the frequency range from 3 to 10 THz [15] . The quantitative information on the optical properties in the THz frequency range is important for applications in THz technology. Concerning LIS crystals, low absorption in combination with a second order optical nonlinearity χ (2) of 16 pm/V [15] and the detailed knowledge of the phase matching condition allow for the generation of Terahertz radiation based on the concept of Hebling et al [33] .
THz phase and amplitude modulation
As discussed before, LIS can be used as a wave plate and pulse shaper in the THz frequency range. The phase retardation between the f-and s-axes can be modulated by changing the orientation or the thickness of the crystal. From Fig. 4, Fig. 5 and Fig. 6 , it is indicated that the transmitted THz pulse can be separated into two sub-pulses as the azimuth angle and the thickness of the crystal are chosen properly.
When the thickness of the crystal satisfies the condition d > cτ/Δn (c and τ are the light speed in vacuum and the THz pulse duration, respectively), the incident THz pulse can be separated completely after passing through the crystal when the polarization is not parallel or perpendicular to the dielectric axes.
For the investigated LIS crystals, the amplitude ratio of the fast and slow pulses can be adjusted by changing the azimuth angle of the crystal with respect to the polarization of the incident THz pulse. When the angle of the polarization of THz pulse with respect to f-axis is θ (as shown in Fig. 3 ), the electric field ratio between the fast and slow components after passing through the sample can be described below.
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where E f (t) and E s (t) are the transmitted time-domain THz electric field with polarization parallel to f-and s-axes, respectively. In Fig. 9 , the relations of the time-domain amplitude ratio versus the azimuth θ are illustrated for the LIS crystals along X-, Y-, and Z-axes. Table 2 shows the angles when the two pulses have the same amplitude for the LIS crystals along X-, Y-, and Z-axes. When the two components have the same amplitude in the time-domain, a circular polarizer for THz wave can be fabricated. 
Conclusion
In conclusion, we have measured the optical properties of bulk LIS crystals in the THz frequency region of 0.4 -2.2 THz by the THz-TDS. In the time-domain spectra, the phase separation and amplitude ratio of the two transmitted components were manipulated by changing the orientation of the crystal with respect to the polarization of the incident THz pulse and the crystal thickness. The birefringence of LIS crystal along the three dielectric axes in the THz range is larger than those in the visible range. Pronounced sharp absorption caused by a TO-phonon resonance is observed at around 1.7 THz when the Z-axis is parallel to the polarization of the incident THz wave. Due to its low absorption in the THz range, it is promising for LIS crystals to be fabricated as a circular polarizer, THz wave shaper, beam splitter, and wave plate. Crystal thickness can be additionally controlled continuously by applying an external electric field or changing the temperature of the crystal in a cryostat, which will be carried out in the future research.
